Conventional myosin II activity provides the motile force for axon outgrowth, but to achieve directional movement during axon pathway formation, myosin activity should be regulated by the attractive and repulsive guidance cues that guide an axon to its target. Here, evidence for this regulation is obtained by using a constitutively active Myosin Light Chain Kinase (ctMLCK) to selectively elevate myosin II activity in Drosophila CNS neurons. Expression of ctMLCK pan-neurally or in primarily pCC/MP2 neurons causes these axons to cross the midline incorrectly. This occurs without altering cell fates and is sensitive to mutations in the regulatory light chains. These results confirm the importance of regulating myosin II activity during axon pathway formation. Mutations in the midline repulsive ligand Slit, or its receptor Roundabout, enhance the number of ctMLCK-induced crossovers, but ctMLCK expression also partially rescues commissure formation in commissureless mutants, where repulsive signals remain high. Overexpression of Frazzled, the receptor for midline attractive Netrins, enhances ctMLCK-dependent crossovers, but crossovers are suppressed when Frazzled activity is reduced by using loss-of-function mutations. These results confirm that proper pathway formation requires careful regulation of MLCK and/or myosin II activity and suggest that regulation occurs in direct response to attractive and repulsive cues. © 2002 Elsevier Science (USA)
INTRODUCTION
Myosin-dependent force generation is essential for growth cone movement. A series of extracellular attractive and repulsive guidance cues dictate the direction of movement, but to move, the growth cone must carefully regulate myosin activity in response to these cues (Tessier-Lavigne and Goodman, 1996; Mermall et al., 1998; Gallo and Letourneau, 1999) . Several studies point to overlapping functions for conventional myosin II and unconventional myosins I, V, and VI in growth cone exploration and/or axon outgrowth (Bresnick, 1999; Sellers, 2000; Wu et al., 2000) . Unconventional myosins V and I may aid the dynamics of filopodial and lamellipodial exploration of the surrounding environment (Wang et al., 1996; . Depletion or pharmacological inhibition of conventional myosin II suppresses axon outgrowth and retrograde flow of actin (Lin and Forscher, 1995; Lin et al., 1996; Suter et al., 1998; Wylie et al., 1998; . Inhibition of Myosin Light Chain Kinase (MLCK), the primary regulator of myosin II, also reduces axon extension and causes growth cone collapse in cultured goldfish or Xenopus retinal ganglion cells in culture and in intact optic nerves of Xenopus (Jian et al., 1994 (Jian et al., , 1996 Oberstar et al., 1997; Ruchhoeft and Harris, 1997) . Thus, conventional myosin II appears to be the primary motor protein used to retract filopodia or to move the growth cone forward.
Whether myosin II force generation retracts filopodia or moves the growth cone forward depends on whether the actin filament with which it is interacting is coupled to the extracellular matrix through a membrane receptor complex (Jay, 2000; . When cell surface receptors detect appropriate cues, they initiate intracellular signaling cascades that culminate in the formation of a protein complex at the membrane receptor (Machesky and Insall, 1999; Lanier and Gertler, 2000) . In response to attractive cues, this complex couples the actin cytoskeleton to the extracellular matrix and serves as a "clutch," allowing myosin to move the growth cone forward (Jay, 2000; . Repulsive cues are thought to prevent outgrowth by reducing actin polymerization, decoupling surface receptors from the actin cytoskeleton, and/or increasing myosin-dependent retrograde flow of actin filaments (Amano et al., 1998; Welnhofer et al., 1999; Fournier et al., 2000a,b; Nakamura et al., 2000; Zhou and Cohan, 2001) .
Based on this model, myosin II activity provides the motile force for outgrowth, but to achieve directional movement during axon pathway formation, the growth cone must regulate when and where myosin functions. In other words, myosin activity should be coregulated by both the attractive and repulsive guidance cues that guide an axon to its target. Moreover, it is predicted that axon pathway formation will be altered if myosin II activity is dissociated from the regulatory information provided by these guidance cues. Since most MLCK inhibitor studies observed growth cone stalling or collapse which precludes an examination of guidance errors, we sought to dissociate the regulation of myosin activity from guidance cues by selectively hyperactivating MLCK during pathway formation in the developing Drosophila embryonic CNS.
All three subunits of Drosophila nonmuscle myosin, myosin heavy chain, the regulatory light chain, and the essential light chain, have been identified; mutations are available in both the heavy chain (zipper) and the regulatory light chain (spaghetti-squash) genes (Kiehart and Feghali, 1986; Ketchum et al., 1990; Karess et al., 1991; Edwards et al., 1995) . These genes are critical for a variety of processes requiring regulation of cell shape changes during head involution and dorsal closure, as well as cytokinesis and oogenesis (Young et al., 1991 (Young et al., , 1993 Wheatley et al., 1995; Edwards and Kiehart, 1996; Jordan and Karess, 1997; Blake et al., 1998) . Nonmuscle myosin is localized to the axons within the embryonic CNS, and zipper mutants exhibit several mild but penetrant defects in axon scaffold formation (Zhao et al., 1988; Young et al., 1991 Young et al., , 1993 . These defects support the conclusion that myosin II activity is required during axon pathway formation and suggest that elevating myosin II activity in Drosophila embryonic neurons during axon outgrowth would lead to observable defects in axon tract formation.
Specifically, we assayed the ability of neurons within the pCC/MP2 pathway to remain on the correct side of the midline. pCC/MP2 neurons pioneer the longitudinal connectives by extending axons adjacent to the midline without crossing it (Lin et al., 1994; Hidalgo and Brand, 1997) . These axons are drawn toward the midline by chemoattractive Netrins, which are detected by their receptor Frazzled (Fra) Kolodziej et al., 1996; Hiramoto et al., 2000) . However, these axons are prevented from crossing by Slit, an extracellular matrix ligand expressed by glial cells and recognized by Roundabout (Robo), a receptor on the axons of most neurons (Seeger et al., 1993; Battye et al., 1999; Brose et al., 1999; Kidd et al., 1998a; 1999) . Commissureless (Comm), a protein also expressed by midline glia, transiently removes Robo from the axons of those neurons that must cross the midline to form commissures (Tear et al., 1996; Kidd et al., 1998b) . In the absence of Robo, axons in the pCC/MP2 pathway do not detect Slit and cross and recross the midline several times.
In this work, myosin II activity is selectively elevated in Drosophila CNS neurons by using either a wild type (wt) or constitutively active (ct) form of chicken MLCK (Olson et al., 1990) . Chicken MLCK is known to phosphorylate the regulatory light chains of Drosophila myosin II and is activated by endogenous fly CaM (Takano-Ohmuro et al., 1990; Gao et al., 1993) . Pan-neural expression of ctMLCK, but not wtMLCK, causes several pCC/MP2 pathway axons to cross the midline inappropriately. Taking advantage of mutations in midline guidance molecules, we provide evidence that a growth cone's response to midline attractive and repulsive cues requires careful regulation of myosin II activity. Repulsive signals may attenuate MLCK activity since mutations in robo or slit increase the frequency of ctMLCK-dependent crossovers. However, ctMLCK expression also forced several axons to cross the midline in comm mutants where Robo remains on the membrane to transmit repulsive signals. This suggests that ctMLCK expression allows the growth cone to over-respond to attractive cues leading it across the midline. In support, heterozygous mutations in frazzled, the gene encoding the receptor for midline attractive Netrins, decrease crossovers while simultaneous overexpression of Frazzled and ctMLCK enhances the frequency of midline crossing errors. Clearly, if myosin II activity is unilaterally increased by expression of ctMLCK, the growth cone no longer responds correctly to attractive and repulsive cues at the midline. Thus, proper formation of axon tracts requires careful regulation of myosin II activity, and we suggest that this occurs in response to attractive and repulsive cues.
MATERIALS AND METHODS
Construction of P-element vectors expressing wild type (wt) or constitutively active (ct) MLCK. A baculovirus expression vector (pVL1393) encoding a full-length chicken MLCK was kindly provided by Anthony Means (Duke University; Olson et al., 1990) . The coding sequence was removed as a BamHI fragment (ϳ3000 bp) and subcloned into the BamHI site of a modified pBluescript vector containing NotI sites at each end of the multicloning cassette [pBL(N)CB; M.F.A.V., unpublished observations]. This allowed a NotI fragment encoding a full-length MLCK to be cloned into the same site of the pUAST vector to form UAS-wtMLCK (pUAST kindly provided by Vivian Budnik, University of Massachusetts). Constitutively active MLCK was created by PCR amplification of the appropriate region of the cDNA. Specifically, the 5Ј oligonucleotide primer with the following sequence sat in the leader sequence of the pVL1393 vector and introduced a NotI site: 5Ј-CCTATAAAGCGGCCGCATTATTCATACCGTCCC-3Ј. The 3Ј oligonucleotide primer: 5Ј-CATCCGCGGCCGCGATTACTTT-TGGCTTCCATG-3Ј introduced two adjacent stop codons after K 779 and a NotI site. The amplified product was digested with NotI, cloned into the NotI site of pUAST, sequenced, and named UASctMLCK.
Stocks. Stocks were raised on standard cornmeal and molassesbased medium at room temperature or 25°C. Germ-line transformants of either UAS-wtMLCK or UAS-ctMLCK were created by using standard procedures to inject w 1118 embryos and screen for transformants based on eye color (VanBerkum and Goodman, 1995) . The P-elements were mobilized by using standard procedures with a delta2-3 Sb stock to obtain additional UAS-wtMLCK or UAS-ctMLCK transformants. MLCK expression was regulated by an elav-Gal4 driver on chromosome II or a ftzng-Gal4 driver on chromosome III. Both were provided by Corey Goodman (UCBerkeley) as were the null robo 1 , slit 1 , and comm 1 alleles used in this study (Kidd et al., 1998a . Peter Kolodziej (Vanderbilt University) provided the hypomorphic fra 3 and fra 4 alleles as well as UAS-Frazzled transformants (Kolodziej et al., 1996) . The sqh 1 allele and sqhAA and sqhEE transgenes were provided by Roger Karess (CNRS, France). Conventional breeding strategies and/or recombination techniques were used to combine MLCK P-element insertions and various gene mutations into the same fly. Final stocks were balanced over ␤-galactosidase (␤-gal) marked balancer chromosomes (see Fritz and VanBerkum, 2000) .
Histology. Eggs were collected overnight at 25°C on apple juice plates daubed with yeast paste. Embryos were processed for immunocytochemistry by using standard methods (see VanBerkum and Goodman, 1995) . MAb 1D4, MAb BP102, and antibodies against Even skipped, Engrailed, and Wrapper were used at a 1:5 dilution. MAb K36 (Sigma) against chicken MLCK was used at about 1:5000. Genotypes of embryos were established by using a limited X-gal (5-bromo-4-chloro-3-indolyl ␤-D-galactopyranoside) reaction (0.05% X-gal and 3-5 h at room temperature) to detect ␤-gal expression. Abnormal midline guidance defects were scored in embryos lacking balancer chromosomes as Fasciclin II-positive axon bundles crossing the midline in stage 16 or 17 embryos (Fritz and VanBerkum, 2000; Kim et al., 2001) Western analysis for wt-or ctMLCK expression. Embryos expressing wtMLCK or ctMLCK using either the elav-GAL4 or the ftzng-GAL4 driver were collected overnight, dechorionated, and homogenized in 1ϫ SDS sample buffer. After diluting 1:5 with 20 mM Hepes (pH 7.0), 10 mM MgOAc 2 , and 1ϫ SDS sample buffer, samples were electrophoretically separated on a 7% polyacrylamide gel and transferred to a PVDF membrane (Millipore). The membrane was probed for chicken MLCK expression by using MAb K36 at 1:5000 dilution and visualized by using an HRP-conjugated secondary antibody and enhanced chemiluminescence (ECLϩ; Amersham). To control for loading, membranes were stripped by using the manufacturer's suggested conditions and reprobed with an antibody against ␣-tubulin (1:2000; Sigma).
Myosin light chain kinase activity assay. Control w 1118 embryos or embryos expressing wtMLCK or ctMLCK using the elav-GAL4 driver were collected overnight, dechorionated, and homogenized on ice in lysis buffer [1% NP-40, 10 mM Hepes, pH 7.0, 1.25 mM EGTA, 10 mM DTT, 300 mM NaCl, 50 mM MgCl 2 , and a protease inhibitor cocktail (1:100; Sigma)]. Lysates were centrifuged at 10,000g for 15 min, and chicken MLCK was immunoprecipitated from the supernatants by using MAb K36 and secondary antibodies conjugated to magnetic beads. The reaction was begun by adding bead-bound enzyme to assay buffer [85 mM KCl, 50 mM Hepes, pH 7.0, 10 mM MgOAc 2, 2 mM DTT, 0.1 mM ATP, 1 mg/ml BSA, 0.1% Tween] containing 1.0 M CaM, either 3 mM CaCl 2 or 3 mM EDTA and [␥-32 P]ATP to a final specific activity of ϳ1400 dpm/pmol ATP (VanBerkum and Means, 1991) . Two different substrates were used: (1) ϳ17 M purified Drosophila regulatory light chains (RLC; sqh) expressed in bacteria (vector kindly provided by Roger Karess) and (2) 0.2 mM of a commercially available peptide substrate representing amino acids 11-23 of chicken gizzard smooth muscle myosin light chain (BioMol, sequence KKRAARATSNVFA). Except for a single A to Q substitution at position 5, this peptide is identical to the corresponding sequence of Drosophila RLC, and previous structure-function studies do not implicate this residue in substrate recognition (Kemp et al., 1991) . Reactions with the RLC substrate were terminated after 10 min by addition of 0.25 volumes of 4ϫ SDS sample buffer. Samples were resolved by SDS-PAGE and transferred to PVDF membrane for exposure to Kodak BioMax film. Identity of the light chain was confirmed by Western blot analysis using a rabbit polyclonal antibody against human full-length regulatory light chains which cross-reacts with Drosophila RLC (Santa Cruz Biotechnology, MLC-FL, sc-15370). Reactions with the peptide substrate were terminated at defined time points by aliquoting the assay mix onto P81 Whatman filters that were immediately immersed in stop buffer (75 mM phosphoric acid, 2% pyrophosphate) (VanBerkum and Means, 1991) . P81 filters containing phosphorylated peptide were washed three times with stop buffer, rinsed once with ethanol, and allowed to air dry. Incorporation of 32 P was quantified by liquid scintillation counting.
RESULTS

Chicken MLCK Is Expressed in Drosophila Nerve Cords and Is Enzymatically Active
Like many Calmodulin-dependent enzymes, MLCK can be made constitutively active by removal of its regulatory domain. In the absence of Calmodulin (CaM), an autoinhibitory domain blocks the catalytic site of MLCK and prevents binding of the regulatory light chains. CaM binds to a region that overlaps the autoinhibitory region and thus activates MLCK by removing the autoinhibitory domain from the catalytic site ( Fig. 1A ; Bagchi et al., 1992a,b; Stull et al., 1998) . Physical separation of the catalytic and regulatory domains by proteolytic cleavage of MLCK at a site C-terminal of the catalytic domain also releases a catalytically active enzyme fragment (Ito et al., 1991; Ikebe et al., 1987) . A full-length Drosophila MLCK clone was not available at the time this study was initiated, but others have shown that chicken MLCK is activated by fly CaM and that it phosphorylates the regulatory light chains of Drosophila myosin (Takano-Ohmuro et al., 1990; Gao et al., 1993) . Accordingly, we created a constitutively active chicken MLCK enzyme fragment (ctMLCK) from an available cDNA clone by using PCR techniques to engineer a stop codon after K 779 at the end of the catalytic site (Fig. 1A ). Translation of this truncated gene yields a protein encoding only the catalytic domain of MLCK that no longer requires CaM for activity.
The Gal4-UAS system is used to regulate expression of ctMLCK and a full-length wild type chicken MLCK (wtM-LCK) in Drosophila embryos (Brand and Perrimon, 1993) . An elav-Gal4 driver provides postmitotic pan-neural expression of the MLCK constructs, while the neurogenic enhancer element of the fushi tarazu gene (ftzng-Gal4) drives expression in a subset of neurons, including primarily neurons within the pCC/MP2 pathway (Doe et al., 1988) . Western blots of overnight embryo collections probed with a commercial monoclonal antibody directed against the N terminus of chicken MLCK (MAb K36), confirm that both wt-and ctMLCK are expressed when combined with either the elav-or ftzng-Gal4 drivers (Fig.  1B) . Extracts from w 1118 control embryos indicated that MAb K36 does not recognize the endogenous MLCK. The failure of MAb K36 to cross-react with fly MLCK allows us to stain embryos for wt-and ctMLCK expression. Immunohistological examination of embryos expressing wt-or ctMLCK under the elav-or ftzng-Gal4 driver indicates that the chicken MLCK accumulates in the axons and growth cones of the appropriate neurons (Figs. 1E-1G) .
To evaluate the enzymatic properties of our wt-and ctMLCK proteins, chicken MLCK was immunoprecipitated from lysates of overnight embryo collections and used to phosphorylate either recombinant Drosophila regulatory light chains (RLC; Fig. 1C ) or, for quantification purposes, a peptide analogue of the regulatory light chains of chicken myosin (Fig. 1D ). An immunoprecipitate from w 1118 embryo lysates provided a baseline control. WtMLCK and ctMLCK retain their expected properties in these assays; both phosphorylate Drosophila RLC or the peptide analogue in the presence of Ca 2ϩ , but only ctMLCK is active in the absence of Ca 2ϩ (Figs. 1C and 1D) . Ten-to twenty-fold longer exposure of the blot pictured in Fig. 1C reveals slight background phosphorylation of the regulatory light chains in lysates from w 1118 embryos (data not shown); similar results are observed in the peptide assays. Background phosphorylation may reflect cross-reactivity of the antibody with the endogenous fly MLCK during the immunoprecipitation, though this was not observed in embryo staining, or the presence of other contaminating kinases that weakly phosphorylate fly RLCs or peptide substrate. However, confirming an earlier report (Takano-Ohmuro et al., 1990) , it is clear that our overexpressed wt-or ctMLCK chicken enzymes phosphorylate Drosophila RLC and that ctMLCK is acting as a constitutively active MLCK that continuously phosphorylates the regulatory light chains, thus activating myosin II activity where it is expressed in Drosophila growth cones.
Expression of ctMLCK Causes Specific Axon Guidance Defects
Formation of the pCC/MP2 pathway was assessed by staining embryos with MAb 1D4, which recognizes the cell adhesion molecule Fasciclin II (Fas II). This antibody reveals both the pioneering events and the final morphology of the pCC/MP2 pathway (Fig. 2) . Formation of the pCC/MP2 pathway begins at stage 12 as the Fas II-expressing pCC joins vMP2 (unlabeled at this stage) and extends anteriorly (Fig. 2A) . These axons are joined by posteriorly extending MP1 and dMP2 axons (also unlabeled at this stage) to form a common MP pathway between segments and separate MP1 and vMP2 pathways within each segment. These pathways are evident at stage 14 when the pioneering events are completed and all four axons express Fas II (Fig.  2B) . Many follower axons, also expressing Fas II, join this pathway, so that by stage 16, the pCC/MP2 pathway is observed as a single longitudinal connective running the length of the organism on each side of the midline (Fig. 2C) . Two additional longitudinal axon bundles also express Fas II: the middle MP1 fascicle and a presently unnamed lateral fascicle (Lin et al., 1994; Hidalgo and Brand, 1997) .
Pan-neural expression of ctMLCK, but not wtMLCK, using the elav-Gal4 driver causes specific defects in the formation of the pCC/MP2 pathway. CtMLCK expression does not alter the initial extension of pCC axons observed at stage 12 (Fig. 2D) . By stage 14, both the common MP pathway and the separate vMP2 and MP1 pathways are observed, but in addition, some of these axons now cross the midline within the emerging commissures (Fig. 2E) . These crossover events are readily apparent at stage 16, when Fas II expressing axon bundles are observed to cross the midline in almost every segment (Fig. 2F) . Once across the midline, the axons appear to continue to extend in the anterior or posterior direction as no gaps are observed in the longitudinal connectives. Even though ctMLCK is expressed pan-neurally, the other two Fas II-positive axon tracts remain largely unaffected. It appears that neurons within the pCC/MP2 pathway are more sensitive to ctM-LCK expression and as a result they project across the midline incorrectly. This phenotype is observed in four different UAS-ctMLCK lines. Pan-neural expression of ct-MLCK is lethal since adults carrying one copy each of the elav-Gal4 driver and UAS-ctMLCK transgene are never observed; the reason for lethality is unknown.
Is MLCK functioning in the pCC/MP2 neurons themselves or are they reacting to other alterations in the axon scaffold not detected by Fas II staining? To address this issue, we checked whether elav-Gal4-driven ctMLCK in postmitotic neurons altered the expression patterns of major cell differentiation markers in the CNS. In all cases, the staining patterns of the differentiation markers EvenSkipped, Engrailed, and Wrapper in ctMLCK embryos were indistinguishable from wild type (data not shown). This suggests that the crossover defects seen in embryos expressing ctMLCK are not due to alterations in cell differentiation. Moreover, the phenotype does not appear to be the result of a gene mutation at the site of P-element insertion. In our experiments, the UAS-MLCK transgene and elavGal4 driver are used in the heterozygous state and either one alone does not cause errors in midline crossing. Even embryos homozygous for either the UAS-ctMLCK or the elav-Gal4 transgene develop normally (data not shown). Thus, the midline crossing errors of pCC/MP2 neurons do not appear to reflect alterations in cell differentiation nor nonspecific effects due to the site of P-element insertion.
Instead, increased MLCK activity in pCC/MP2 neurons appears to be responsible for the errors in midline crossing observed in embryos expressing ctMLCK pan-neurally. This conclusion is supported by our experiments limiting ctM-LCK expression to primarily pCC/MP2 pathway neurons using the ftzng-Gal4 driver. Limited expression of ctMLCK in these neurons is sufficient to cause axon bundles to cross the midline incorrectly in 9 -19% of embryos examined, depending on which of the four UAS-ctMLCK insertion lines is used (Fig. 3A) . Since these embryos do not exhibit defects in the staining of the above mentioned cell differentiation markers (data not shown), it appears that ctMLCK expression directly alters the ability of pCC/MP2 pathway neurons to interpret midline guidance cues.
Unfortunately, the MLCK gene is part of a large Stretchin-MLCK complex and no mutations selectively affecting MLCK are available (Champagne et al., 2000) . Moreover, the available deficiencies in the area, Df(2R)KL32 and Df(2R)WMG, are uninformative since they remove the neighboring slit gene encoding the midline repulsive ligand (see below). Therefore, to provide evidence that ctMLCK is inducing crossing defects at the midline by hyperactivating myosin II activity, we asked whether mutations in the regulatory light chains would alter ctMLCK-induced crossovers. If hyperactivation of regulatory light chains is responsible for the crossing errors, then reducing the amount of regulatory light chains may suppress ctMLCK-induced crossovers. The Drosophila gene for the cytoplasmic regulatory light chain is spaghetti-squash (sqh) which resides on the first chromosome (Karess et al., 1991; Jordan and Karess, 1997) . Using a sqh 1 /FM7 stock, all embryos lacking the ␤-gal marked FM7 balancer chromosome are either heterozygous female or hemizygous male sqh mutant embryos. In neither case are Fas II-positive axons observed crossing the midline. To test whether sqh mutations decrease ctMLCK-dependent crossovers, we crossed males carrying one of two UAS-ctMLCK insertions and an ftzng-Gal4 driver to sqh 1 /FM7 or w 1118 females. In the w 1118 control outcross, the two different lines expressing ctMLCK in the ftzng pattern exhibit crossovers in 9 or 11% of embryos (Table 1A ). In the outcross to sqh 1 /FM7, the same two lines expressing ctMLCK exhibited crossovers in only 6 or 2% of embryos examined, respectively (Table 1C) . As above, only embryos lacking the ␤-gal marked FM7 balancer chromosome were scored. Since the level of suppression is relatively low, and we are unable to distinguish hemizygous sqh male or heterozygous sqh female embryos (neither of which exhibit crossovers on their own), we sought confirmation of this result using autosomal transgenes of sqh that are thought to be inactive (sqhAA) or hyperactive (sqhEE) (Jordan and Karess, 1997) . When one copy of an inactive sqhAA transgene is present in embryos expressing ctMLCK in the ftzng pattern, the penetrance of crossovers decrease from 9 to 2%. A single copy of the active sqhEE transgene increases crossovers to 13 or 20% of embryos, depending on which sqhEE insertion was used (Table 1C) . Expression of a single copy of either sqh transgene alone does not alter pCC/MP2 pathway formation, and homozygous embryos also develop normally.
Thus, two different approaches that reduce the level of functional regulatory light chains also reduce the number of crossovers observed in ctMLCK mutants while increasing the level of active regulatory light chains increases the frequency of ctMLCK-dependent crossovers. Together these results strongly suggest that ctMLCK is hyperactivating myosin II in these growth cones by increasing the phosphorylation of the regulatory light chains.
In summary, our data indicate that overexpression of a constitutively active MLCK, and concomitant increase in myosin II activity, specifically alters the ability of neurons within the pCC/MP2 pathway to remain on the proper side of the midline. Note. P, Penetrance: the percentage of embryos exhibiting at least one crossover; E, Expressivity: the average number of corssovers in embryos with crossovers.
a For Frazzled interactions, an independent ctMLCK stock was used. Compare crossover values with this line, not that observed in part A.
Mutations in Components of the Midline Guidance System Alter ctMLCK-Dependent Crossovers
The decision to cross the midline depends on a growth cone's interpretation of both attractive and repulsive guidance cues. Frazzled (Fra) receptors on the growth cone surface detect chemoattractive Netrins, while Roundabout (Robo) receptors detect the midline repellent Slit (Kidd et al., 1998a,b; 1999; Kolodziej et al., 1996) . To begin assessing how myosin II activity may be regulated by guidance cues, we expressed ctMLCK in the ftzng pattern and asked whether mutations in midline guidance cues or receptors alter the frequency of abnormal crossovers. The ftzng-Gal4 driver is used since it induces fewer crossovers and therefore allows for identification of either enhancement or suppression of the crossover phenotype.
In the absence of Robo, Slit is not detected and Fas II-positive axons will cross and recross the midline several times. In heterozygous robo mutants, the partial loss of Robo-mediated repulsion causes one or two axon bundles to cross the midline in about 26% of embryos (Fig. 3B) . Expression of ctMLCK in heterozygous robo embryos causes a large increase in the frequency of crossovers (Fig.  3D ). Compared with 9 or 19% of ctMLCK-expressing embryos exhibiting one or two midline crossovers, 83 or 88% of embryos have several axon bundles crossing the midline when Robo signaling is reduced (Table 1D) . Similarly, if one copy of slit is mutated, ctMLCK expression in the ftzng pattern results in several axon bundles crossing the midline in all embryos examined (Fig. 3E) . This is compared with only 36% of heterozygous slit embryos exhibiting at least one crossover (Table 1D ). These data suggest that midline repulsive cues initiate intracellular signaling events that reduce MLCK and/or myosin II activity. In support of this conclusion, we note that sqh mutations suppress the penetrance of crossovers observed in heterozygous robo mutants to 4%.
To determine whether midline attractive cues regulate MLCK activity, we assessed the ability of heterozygous fra mutations to modify ctMLCK-dependent crossovers. Unlike homozygous fra 3 or fra 4 mutants that have several defects in axon scaffold formation (Kolodziej et al., 1996) , heterozygous embryos develop normally. However, one copy of the fra 3 loss-of-function allele is sufficient to completely suppress ctMLCK-induced crossovers when compared with ctMLCK embryos tested in the same experiment (Table 1E) . Similarly, the fra 4 allele suppresses ctM-LCK crossovers from 21 to 8% in this experiment. Conversely, overexpression of UAS-Frazzled in the ftzng pattern does not alter development on its own, but significantly enhances the frequency of crossovers in embryos simultaneously expressing ctMLCK (Figs. 3C and 3F) . Compared with 21% of ctMLCK embryos exhibiting on average two crossovers, about 60% of embryos exhibit several crossovers when Fra is coexpressed (Table 1E ). The response of ct-MLCK-induced crossovers to changes in the level of Fra activity suggests that MLCK and/or myosin activity may be regulated in response to attractive cues.
ctMLCK Expression Drives Axons Across the Midline in a Comm Mutant
Although the axons of pCC/MP2 neurons remain on one side of the midline in wild type embryos, most axons must cross the midline to innervate contralateral targets. These axons cross the midline through either the anterior or the posterior commissure in each segment. The final ladderlike axon scaffold is readily visualized by using MAb BP102, which recognizes a cell surface protein on all CNS axons (Fig. 4A) . Commissural axons overcome the repulsive barrier of Slit because Robo is temporarily removed from the membrane by Commissureless (Comm), a protein expressed by midline glia (Tear et al., 1996; Kidd et al., 1998b) . In comm mutants, Robo remains on the membrane and prevents all axons from crossing the midline. This is observed phenotypically as the absence of commissures in embryos stained with MAb BP102 (Fig. 4B) , although some axons cross the midline in a few homozygous comm mutant embryos (9%; n ϭ 22). If ctMLCK is expressed in the ftzng pattern in comm mutants, 49% (n ϭ 45) of embryos exhibit some axons crossing the midline and in many cases thin commissures are evident (Fig. 4C) . Partial commissure formation is evident in 71% (n ϭ 21) of comm mutants expressing ctMLCK pan-neurally using the elav-Gal4 driver (Fig. 4D) . Compared with ftzng expression, pan-neural expression of ctMLCK generally results in thicker commissures. Mis-expression of ctMLCK also causes some Fas II positive axons to cross the midline incorrectly usually within one of the forming commissures (Figs. 4E-4G) . Thus, ctMLCK expression allows many axons to overcome the high level of Robo-dependent repulsion present in comm mutants. The ability of ctMLCK expression to partially rescue comm mutants further supports our data linking the regulation of MLCK activity to midline attractive cues.
DISCUSSION
Several loss-of-function studies have established a critical role for conventional myosin II in growth cone motility and axon outgrowth (Jian et al., 1994; Lin and Forscher, 1995; Lin et al., 1996; Ruchhoeft and Harris, 1997; Wylie et al., 1998; . However, axon pathway formation requires regulated motility as the growth cone moves toward attractive cues and away from repulsive cues. This implies that myosin activity must be regulated in order to allow the growth cone to respond to attractive and repulsive cues. To provide evidence that myosin activity is regulated during pathway formation, myosin II activity was selectively elevated in Drosophila CNS neurons by using a constitutively active form of MLCK (ctMLCK). Expression of ctMLCK pan-neurally or limited to the ftzng pattern causes axons in the pCC/MP2 pathway to project across the midline incorrectly without any detectable alteration in cell differentiation. Transgenes expressing putatively active (sqhEE) or inactive (sqhAA) regulatory light chains enhance or suppress, respectively, the frequency of crossovers caused by ctMLCK expression. This suggests that ctMLCK is increasing myosin II activity via phosphorylation of the regulatory light chains and this hyperactivation of myosin II is responsible for the midline crossing errors of pCC/MP2 pathway axons. If midline repulsive signals are reduced by using heterozygous mutations of either the ligand Slit or its receptor Robo, ctMLCK expression induces many more axons to cross the midline improperly. CtMLCK expression also induces axons to cross the midline in comm mutants, where Robo-dependent repulsion remains active. Since manipulating the level of the attractive receptor Frazzled (Fra) also alters the ctMLCK phenotype, we hypothesize that when myosin II activity is hyperactivated by ctMLCK expression, the growth cone over-responds to even transient activation of attractive mechanisms, causing it to extend across the midline. This overextension would normally be attenuated by Robomediated repulsive signals. Together, these results indicate that a growth cone's response to attractive and repulsive cues requires careful regulation of MLCK and/or myosin II activity.
Growth cone steering during pathway formation is dictated by the equilibrium between attractive and repulsive cues (Tessier-Lavigne and Goodman, 1996) . Attractive cues drive a growth cone forward by increasing actin polymerization and stimulating the formation of a complex of proteins that couples the actin cytoskeleton to the extracellular matrix via a membrane receptor. This complex acts as a "clutch" allowing myosin activity to drive the growth cone forward (Jay, 2000; . Repulsive cues are thought to decrease actin polymerization and inhibit membrane receptor coupling to the actin cytoskeleton (Fournier et al., 2000a,b) . Myosin-dependent retrograde flow of actin filaments then causes filopodial and/or growth cone retraction (Amano et al., 1998; Welnhofer et al., 1999) . The general importance of regulating myosin II activity during axon guidance decisions is confirmed by our observation that pan-neural expression of ctMLCK, but not wtMLCK, in Drosophila embryos causes axons within the pCC/MP2 pathway to project across the midline incorrectly.
In crossing the midline, axons in the pCC/MP2 pathway either over-respond to midline attractive cues leading them across the midline or fail to respond to repulsive signals preventing them from crossing. Indeed, it is likely that both processes are operating. Axons within the pCC/MP2 pathway move toward the midline as Fra receptors detect chemoattractive Netrins (Kolodziej et al., 1996) . However, they are prevented from crossing by the repulsive ligand Slit detected by Robo, the cell surface receptor present on most growth cones (Kidd et al., 1998a (Kidd et al., ,b, 1999 . Expression of ctMLCK does not alter the onset of axon extension nor the initial pioneering events of pCC/MP2 neurons, but is sufficient to allow these axons to overcome the repellent Slit barrier and cross the midline. If midline repulsive signals are reduced by using heterozygous mutations of either slit or robo, ctMLCK expression induces many more pCC/MP2 axons to cross the midline, and decreasing myosin II activity using sqh mutations that lower the activity of the regulatory light chains suppresses some of the crossovers observed in heterozygous robo mutants. Thus, it seems that myosin II activity must be maintained below a certain threshold in order for Robo to prevent axons from crossing the midline. When myosin II activity exceeds that threshold, as in embryos expressing ctMLCK, the growth cone is unable to respond appropriately to activation of Robo.
Robo is thought to prevent axons from crossing the midline in part by reducing filopodial exploration of the midline (Murray and Whitington, 1999) . In cultured neurons, inhibition of MLCK using a pharmacological inhibitor is sufficient to cause filopodial collapse (Ruchhoeft and Harris, 1997; Zhou and Cohan, 2001 ). This suggests that Robo-dependent decreases in MLCK activity may contribute to Robo's ability to regulate filopodia retraction. Increasing the myosin activity associate with retrograde flow of actin would also aid in filopodia retraction (Amano et al., 1998; Welnhofer et al., 1999; . Enhanced retrograde flow of actin by ctMLCK would be expected to help Robo prevent axons from crossing the midline, a prediction clearly not born out in this study. Thus, we have no evidence to support an increase in retrograde flow as a consequence of ctMLCK expression. However, the myosin activity moving actin backwards during retrograde flow appears to propel the growth cone forward once the actin filament is coupled to a receptor complex (Suter et al., 1998) . Thus, if ctMLCK expression enhances the response of a growth cone to attractive cues upon receptor coupling to actin, the importance of retrograde flow in retracting axons may have been masked. Indeed, the level of midline attractive activity affects the frequency of axon crossovers observed when ctMLCK is overexpressed. Decreasing the level of the attractive receptor Fra reduces the number of axons crossing the midline in ctMLCK embryos, while coexpression of UAS-Frazzled enhances ctMLCK-induced crossovers. Activation of Fra by soluble Netrins may encourage midline crossing by enhancing MLCK and/or myosin II activity, which in turn facilitates a growth cone's response to whatever adhesive systems are operating at the midline. The importance of these attractive systems at the midline is further supported by the ability of ctMLCK expression to rescue comm mutant phenotypes. In comm mutants, a failure to remove Robo from the membrane increases midline repulsive activity and thus commissures do not form as axons are prevented from crossing the midline. But attractive cues are also present in comm mutants and, at least in early stages, axons orient toward and explore the midline as if they are trying to respond to midline attractive cues (Tear et al., 1996; Kidd et al., 1998b; Murray and Whitington, 1999) . With ctMLCK expression, these tentative explorations appear to be converted into positive movement across the midline. This suggests that, when myosin II activity is increased by ctMLCK expression, even transient activation of midline adhesive systems, and consequent coupling to actin filaments, will provide sufficient traction to move the growth cone partially over the midline. Once over, the continued presence of Slit at the midline would actually help propel the growth cone all the way across to the contralateral connective, thus forming part of the commissure. The thickness of many of the rescued commissures suggests that fasciculation with early axons may aid later axons in continuing the formation of a commissure. Together, the data indicate that a growth cone's response to midline attractive cues is sensitive to the overall level of myosin II activity.
The sensitivity of guidance decisions to myosin II activity levels confirms that myosin II activity must be regulated in the growth cone. One possibility is that a basal level of myosin II activity is set which permits constitutive force generation. That is, myosin II activity is permissive for outgrowth but leaves directional information to other signaling events, presumably involved in determining which actin filament myosin II exerts force upon and/or which actin filaments are coupled to the substrate. Our data suggest that, if pathfinding is to remain accurate, this basal level must be carefully set so that a growth cone does not over-respond to attractive cues or fail to respond to repulsive cues along its pathway. Alternatively, myosin II activity could be regulated directly as a consequence of guidance receptor activation. In this model, activation of MLCK and/or myosin II by guidance cues is instructive; myosin II is stimulated in response to attractive receptors and inhibited by repulsive receptors. Thus, the growth cone moves toward attractive cues and is prevented from extending toward repulsive cues. At the moment, our data cannot distinguish between these two modes of myosin regulation. Indeed, since nature often compromises, a basal level of constitutive myosin II activity may stimulate axon outgrowth with activation of guidance receptors fine-tuning this activity to provide directional information. Certainly, it is striking that several signaling pathways exist which converge to regulate myosin II activity in growth cones or other motile systems (Bresnick, 1999; Somlyo and Somlyo, 2000; Fukata et al., 2001 ) and many of these signaling pathways have been implicated in the transduction of midline attractive and repulsive cues. Calcium-Calmodulin (CaM) and various downstream target proteins are required for axon extension and negotiation of choice points (Rehder et al., 1991; Gomez and Spitzer, 1999; Gomez et al., 2001; Cheng et al., 2002) . This includes the ability of pCC/MP2 axons to remain on the correct side of the midline (VanBerkum and Goodman, 1995; Fritz and VanBerkum, 2000; Kim et al., 2001) . Given the data presented here, CaM activation of MLCK may help transduce midline cues by stimulating conventional myosin II activity via phosphorylation of its regulatory light chains (Bagchi et al., 1992a; Stull, 2001) . CaM also binds to IQ motifs in the hinge region of unconventional myosin molecules, where it activates myosin activity in response to Ca 2ϩ signals Homma et al., 2000; Perreault-Micale et al., 2000) . The Rho family of GTPases are also major regulators of myosin activity (Somlyo and Somlyo, 2000) . Rho and its effector Rho Kinase regulate dephosphorylation of the regulatory light chains of myosin by Myosin Phosphatase (Hirose et al., 1998; Kawano et al., 1999; Kimura et al., 1996; Winter et al., 2001) , while both Cdc42 and Rac GTPases regulate MLCK activity via p21 Activated Kinase (PAK) (Daniels et al., 1998; Dharmawardhane et al., 1999; Sanders et al., 1999; van Leeuwen et al., 1999) . Given that these families of GTPases also regulate several aspects of actin polymerization and receptor coupling to actin filaments, they are expected to be key molecules in coordinating actin and myosin dynamics during growth cone motility (Dickson, 2001; Hall and Nobes, 2000) . Various GTPases have been directly or indirectly implicated in the transduction of midline repulsive cues in Drosophila embryos (Bashaw et al., 2000 (Bashaw et al., , 2001 Fritz and VanBerkum, 2000; Wong et al., 2001) . Frazzled may also signal attraction, at least in part, through activation of some Rho family GTPases (Li et al., 2002; Shekarabi and Kennedy, 2002) . Future experiments will examine how mutations in these signaling pathways affect our ctMLCK overexpression phenotypes and thus help elucidate the relative contribution of these signaling pathways to the regulation of myosin II activity during axon guidance.
In summary, by overexpressing a constitutively active form of MLCK, conventional myosin II activity in growth cones is selectively elevated independent of guidance cue information. Elevated myosin II activity causes specific axon guidance errors as axons in the pCC/MP2 pathway project across the midline abnormally. This overextension defect compliments previous loss of function data and confirms the importance of MLCK and myosin II in growth cone movement. Moreover, by determining that this phenotype is modified by mutations in midline guidance cues, we demonstrate that a growth cone's response to both attractive and repulsive guidance cues requires that MLCK and/or myosin II activity be carefully regulated.
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